may thereby represent escape of the tumor from immune pressure. We speculate that cancers harboring POLR3A mutations had stimulated scleroderma in most patients with the RPC1 form of the disease. However, in the majority of these patients, the immune response had eradicated the cancer by the time scleroderma developed. Patients with a short cancer-autoimmune disease interval have also been described for other autoimmune rheumatic disease phenotypes (e.g., myositis, vasculitis, systemic lupus erythematosus), and similar mechanisms may be operative in these diseases (17, 30, 31). Given the ubiquitous presence of somatic mutations in solid tumors (32), these new data add credence to the idea that immunoediting could play a major role in limiting the incidence of human cancer-an old hypothesis (33, 34) that has recently garnered more attention (35) (36) (37) . The data also suggest that this family of autoantigens might be used to generate biologically effective antitumor immunity.
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A. Eckardt, 5 C. Becker 1, 3 Collective behavior in many-body systems is the origin of many fascinating phenomena in nature, ranging from the formation of clouds to magnetic properties of solids. We report on the observation of collective spin dynamics in an ultracold Fermi sea with large spin. As a key result, we observed long-lived and large-amplitude coherent spin oscillations driven by local spin interactions. At ultralow temperatures, Pauli blocking stabilizes the collective behavior, and the Fermi sea behaves as a single entity in spin space.
With increasing temperature, we observed a stronger damping associated with particle-hole excitations. Unexpectedly, we found a high-density regime where excited spin configurations are collisionally stabilized. Our results reveal the intriguing interplay between microscopic processes either stimulating or suppressing collective effects in a fermionic many-body system.
A fundamental question in many-body physics is how the collective behavior of many microscopically interacting particles gives rise to macroscopic properties such as superconductivity, giant magnetoresistance, or superfluidity. Ultracold quantum gases are ideal candidates to address these questions because they offer a high control over crucial experimental parameters, such as the interaction strength and the dimensionality of the system. Collective behavior of ultracold fermions is of particularly high interest because of its analogy to other systems in nature, like electrons in solids, neutron stars, or baryonic matter. Recent experiments on the crossover between a Bose-Einstein condensate and a Bardeen-CooperSchrieffer superfluid (1, 2), Mott physics (3, 4), thermodynamic and transport properties (5-7), collective excitations (8) (9) (10) , and magnetic ordering (11, 12) used spin ½ fermions. However, fermionic high-spin systems with more than two spin components constitute a completely new class of many-body systems, yielding collective effects involving the spin degree of freedom (13) (14) (15) (16) (17) (18) (19) (20) . For bosonic atoms with a total spin of f ¼ 1, 2, 3, spin-dependent phenomena have been intensively studied [(21, 22) and references therein]. In these experiments, the macroscopic occupation of a common single-particle wave function, which is inherent to Bose-Einstein condensation, strongly favors collective behavior. For fermions, in contrast, every single-particle state can be occupied with no more than one particle, and hence many of these states are occupied in a macroscopic system forming a Fermi sea. This naturally raises the following questions: Can the whole Fermi sea exhibit collective and coherent dynamics of its internal spin degree of freedom (Fig. 1A) optical lattices (23, 24) , few-body physics (25) , and also the emergence of spatial spin waves (26) , but left the questions raised above largely unanswered. Here, we report on the observation of coherent spin dynamics in an ultracold Fermi sea. Our detailed studies reveal three fundamental findings: (i) giant collective spin oscillations lasting for seconds at ultralow temperatures, (ii) a continuous suppression of the collective behavior for increasing temperatures, and (iii) stable excited spin configurations at high densities, which we attribute to a collision-induced stabilization mechanism.
The experiments were performed with a quantum degenerate gas of 40 K in an optical dipole trap (27) , an ideal candidate for the investigation of spin-changing dynamics because of its particular high-spin scattering properties (23) . The hyperfine ground state of 40 K has a total spin f ¼ −9=2, which gives rise to 10 spin states with magnetic quantum numbers m ¼ −9=2, :::,9=2.
To record the population of these different spin components, we released the atoms from the trap and subsequently measured the spin occupations after expansion in a Stern-Gerlach field (27) . To understand collective spin-changing dynamics, we first consider the underlying microscopic col- . The interplay between different quadratic Zeeman energies and differential spindependent interaction energies for the different spin configurations determines whether spin oscillations can occur or not (21) . At large magnetic fields, spin-changing collisions are suppressed energetically, and the Fermi sea remains in its initial spin configuration. For low magnetic fields, the two energy scales become comparable, and resonant spin oscillations are induced. As a key result, Fig. 1B demonstrates this kind of coherent spin oscillations for time scales as long as 2s for an ultracold atomic Fermi ensemble. In the following, we show that this peculiar behavior can be theoretically described via a mean-field approach (26) . Furthermore, all key observations are explained unexpectedly well within a singlespatial-mode approximation; that is, the whole Fermi sea evolves in time as a single spin entity.
The high-spin Fermi sea is described by the single-particle density matrix in Wigner representation w ij ðx, pÞ, which depends on position and momentum, whereas i and j account for the spin states. The diagonal elements of this matrix describe the spin occupations, whereas off-diagonal terms reflect the single-particle spin coherences. Its time (t) evolution obeys the Boltzmann equation (27) ∂ t w ij ðx, pÞ ¼ ∂ 0 w ij ðx, pÞ þ ½V ðxÞ þ qS 2 z , wðx, pÞ ij þ I ij ðx, pÞ ð1Þ
Here, ∂ 0 w ij ðx, pÞ accounts for the spinindependent center-of-mass motion of the atoms in the trap, and I ij ðx, pÞ is the collisional integral accounting for particle-hole excitations. Spinchanging dynamics are driven by the commutator, including the mean-field potentialV ij ðxÞ ¼ ∫dp ∑ kl ðU klji − U kijl Þw kl ðx, pÞ with the interaction tensor U klji and the quadratic Zeeman shift qS 2 z . The commutator drives the spin-changing dynamics in the presence of coherences, which are reflected in finite off-diagonal matrix elements ofw ij (27) . In Fig. 1B , the system is prepared with very small initial coherences sufficient to initialize a spin instability followed by collective spin oscillations, a behavior also observed for BoseEinstein condensates (28) .
The interplay between the kinetic and interaction energy in Eq. 1 can lead to a fascinating effect: If the spatial dynamics of the trapped atoms, given by w trap , are reasonably faster than the spin-changing dynamics, given by V ij j i≠j =ℏ, then the spatially dependent interactions are averaged out, leading to an effective long-range interaction potential (29) . For our experiments, typically ℏw trap =V ij j i≠j ≳ 5, which justifies the abovementioned single-mode approximation and leads to collective spin-changing behavior of the whole Fermi ensemble despite the underlying complex spatial structure (27) . Figure 1C , and T ¼ 0:14 T f , where T f indicates the Fermi temperature. (C) Collective spin-changing oscillations of a Fermi sea prepared with coherences generated by radio-frequency pulses corresponding to a spin rotation of ϑ ¼ 0:44 (27) . Plotted is nðmÞ as a function of time. Solid lines are fits to the data, from which we extract the oscillation amplitude and frequency (27) . The experimental parameters are B = 0.12 G, n p = 5.9 × 10 12 cm
, and T ¼ 0:13 T f . Error bars indicate one standard deviation. (27) . Solid lines in insets correspond to the amplitude and the shading in the main graph to a Fourier spectrum, both deduced from calculations within a single-mode approximation without free parameters (27) . The shaded area in (B) inset reflects uncertainties in particle number and temperature. Vertical error bars indicate two standard deviations; horizontal error bars indicate systematic experimental uncertainties.
ensemble prepared with radio-frequency pulses. This generates an initial state with substantial spin coherences corresponding to a rotation of the density matrix in spin space (27) . In contrast to the instability-induced oscillations shown in Fig. 1B , this state immediately exhibits spin oscillations and can thus be systematically compared to theoretical calculations.
At high magnetic fields, we found low-amplitude and high-frequency oscillations, in contrast to slow and giant spin oscillations at low magnetic fields ( Fig. 2A) . By varying the density and thereby the interaction energy within the Fermi sea (Fig. 2B) , we found an increase in amplitude and a rather constant frequency for increasing interaction. The system precisely follows the mean-field description within the single-mode approximation without free parameters. As one key result of this work, we therefore conclude that spin-changing collisions can induce collective behavior in a Fermi sea of trapped atoms preserving the spatial structure for long time scales, even for macroscopic systems with particle numbers on the order of 10 5 and a spatial extent larger than 100 mm.
A fundamental question is how finite temperature affects the observed collective behavior. Figure 3A shows the strong impact of increasing temperature on the spin-changing dynamics in our experiment, revealing long-lived oscillations at low temperatures and a nearly full suppression of coherent evolution at higher temperatures. Again we found good agreement for the observed frequencies and amplitudes with the single-mode approximation (Fig. 3B) . However, for higher temperatures we observe substantially stronger damping of the coherent oscillations (Fig. 3C) . We attribute this to an enhanced rate of particlehole excitations, which are described by the collisional integral I ij ðx, pÞ in Eq. 1. These "incoherent" collisions are characterized by a finite momentum exchange of the colliding particles and reduce single-particle coherences. In contrast, the "coherent" collisions inducing collective spin oscillations conserve the individual momenta and are captured by the mean-field potential. At ultralow temperatures, the Fermi statistics do not provide any free momentum states because of the Pauli exclusion principle; hence collisions involving momentum exchange are strongly suppressed (30) . For increasing temperatures, however, free momentum states become available in the Fermi sea and allow for increased particlehole excitations. In a relaxation approximation (31), we estimate the corresponding damping rate. Despite the fair agreement in the low-temperature regime (Fig. 3C ), this simplified model does not catch the full behavior at higher temperatures. For an explanation, see (27) . In general, the observed temperature-dependent damping rate is in contrast to experiments with thermal gases in the Knudsen regime at low interactions, where independent of temperature a suppression of incoherent collisions arises because of the large separation of the trap levels (ℏw trap ≫ V ii ) (32, 33) . In our system, incoherent collisions are energetically possible (ℏw trap ≈ V ii ) but suppressed at ultralow temperatures because of Pauli blocking. This is crucial for collective spinchanging dynamics in a Fermi sea at moderate interactions.
Lastly, we investigated the occurrence of spin instabilities like the one presented in Fig. 1B as a function of the density and the magnetic field. As a particularly unexpected feature, we found a regime at high densities where magnetically excited initial states remain stable for seconds. We studied this effect by investigating the emergence of spin instabilities, which is depicted in the stability diagram in Fig. 4A . Here, we initially prepared the system in the magnetically excited spin states m ¼ T3=2 and mapped out the m ¼ T1=2 (27) . The shaded areas reflect the uncertainties in particle number and temperature. Error bars of occupation and temperature indicate one standard deviation, error bars of frequency, amplitude, and damping indicate two standard deviations. , respectively.
www.sciencemag.org SCIENCE VOL 343 10 JANUARY 2014 occupation after a time evolution of 2 s, when collective spin oscillations have been damped out already and the system is in a quasi-equilibrium configuration. We identify three different regions: (i) the Zeeman-protected regime, where spinchanging collisions are off-resonant and the spin configuration remains constant; (ii) the spinoscillation regime, where spin-changing collisions are resonant and spin instabilities occur; and (iii) a stable high-density regime, where the spin configuration does not change, despite the fact that coherent spin-changing oscillations would be resonant, thus possible. To illustrate the behavior in regime (iii) more clearly, we show time evolutions at different magnetic fields for two slightly different densities (Fig. 4 , B and C), revealing an abrupt spin stabilization at small magnetic fields for the larger density. We attribute this stabilization to an increased rate of incoherent collisions at large densities. In terms of the single-particle density matrix formalism, these incoherent collisions project the initial state onto the diagonal elements, which is similar to the measurement projection associated with the quantum-Zeno effect.
In further analogy, any coherent evolution is suppressed. In the experiments presented here, this mechanism is highly sensitive to slight changes of the experimental parameters and leads to a completely different macroscopic behavior of the Fermi sea. We have investigated the intriguing interplay between several microscopic spin-changing processes in ultracold high-spin Fermi gases. The high experimental control as well as the obtained understanding of our model system, opens the path to studying exotic phenomena, such as the creation of topological structures and textures in superfluid Fermi gases with high spin.
